biological and medical applications [14], due to their ultra-small size, extremely high surface area, and convenient for surface functionalization [15]. One-dimensional (1D) Ge nanowires show promising applications in high-performance field effect transistor [16] [17] [18] due to its high carrier mobility and large aspect ratio desirable for carrier transport. Three-dimensional (3D) tubular [19] or porous [20] Ge nanostructures are candidates as anode materials for high-capacity lithium-ion batteries as the porous structure can accommodate volume expansion in the charging and discharging cycling process of battery. Therefore, Ge nanostructures with complex morphologies can not only enrich the understanding of the growth process but also enable further applications.
INTRODUCTION
Among the various semiconductor nanomaterials, Ge nanostructures are particularly desirable for electronic and other applications due to their high carrier mobility [1], large exciton Bohr radius [2] , and good compatibility with the existing silicon integrated circuits. As a result, considerable attention has been drawn to the Ge nanostructures with potential applications in optoelectronics [3] , bio-imaging [4] , detector [5] , and energy conversion and storage [6] . As the properties of the nanostructures are strongly dependent on their morphologies and structures [7] , a significant focus is on the fabrication of nanostructures with controlled morphologies. For the Ge-based nanostructures, a series of synthetic routes have been employed for the Ge nanostructures with a variety of geometric morphologies such as quantum dots [8] [9] [10] , nanowires [11, 12] and tubular shaped [13] Ge nanostructures. Zero-dimensional (0D) colloidal Ge nanoparticles can be utilized in ARTICLES SCIENCE CHINA Materials a separation of 1 cm along the central heating zone of a horizontal quartz tube furnace, as schematically shown in Fig. 1a . Two thermal insulators were placed in the quartz tube near the both ends to improve the uniformity of temperature distribution in the heating zone (about 10 cm in length). The gaseous GeH 4 was directly introduced into and exhausted out the heating zone through the small diameter pipes in the two thermal insulators (Fig. 1a) . Prior to heating, the quartz tube was pumped using a mechanical pump and purged by high purity Ar for two cycles to remove the residual air. Then the furnace was heated to growth temperature (300 °C) at a rate of 10°C min −1 under a 3 standard cubic centimeter per minute (sccm) flow of GeH 4 (5% in H 2 ) in tandem with a 60 sccm flow of Ar in a furnace reactor (total gas pressure 1 atm) for 4 h. Finally, the GeH 4 was switched off and the furnace was naturally cooled down to room temperature.
Characterizations
The resultant products were characterized by using X-ray diffraction (XRD, Philips, X'Pert Pro MPD, with Cu Kα irradiation), scanning electron microscopy (SEM, Sirion 200, FEI, at 10 kV) with energy dispersive X-ray (EDX) spectroscopy (OXFORD), transmission electron microscopy (TEM) and high-resolution TEM (JEOL 2010 at 200 kV).
RESULTS AND DISCUSSION
After the furnace was cooled down to room temperature, powder-like products were collected from the Si substrates located from the upstream to the downstream deposition zones (I, II, III and IV indicated in Fig. 1a ) and the typical SEM images were shown in Figs 1b-e. It can be seen that the morphologies of the Ge nanostructures obtained from different zones evolve from the relative ho mogeneous cylindrical nanowires (Fig. 1b) , tapered nanowires (Fig. 1c) , tapered moniliform-shaped nanowires (Fig. 1d) , to nanotowers (Fig. 1e) . To our knowledge, this is the first report on tower-like Ge nanostructure growth on single-crystalline Si substrate. We now focus on the growth mechanism of the Ge nanotowers in the CVD process. The typical morphologies of the Ge nanotowers are shown in Fig. 2a with close-up view in the lower-right inset. The nanotowers have quasi-hexagonal cross-section with a decreasing diameter from the bottom (~300 nm) to the top (~100 nm) and sawtooth faceted sidewalls (see the details in the enlarged SEM image in Fig. S1a) . A hemispheric tip (with high contrast with respect to the stem of nanotower) is found at the top end of each nanotower. EDX spectra were performed on the top and in the middle of the nanotower to examine the composition, revealing that the stem of nanotower consists of Ge (Fig. 2b ) and the top of nanotower contains Au-riched Au-Ge alloy (Fig. 2c) , confirming an Au-nanoparticle catalyzed growth process [21, 22] .
XRD characterizations were used to study the structure and phase of the products. The corresponding XRD patterns of the Ge nanostructures (see Fig. S2 ) obtained from deposition zones I, II, and III display the diffraction peaks indexing to face-centered cubic (fcc) Ge and Au-Ge alloy. Typical XRD pattern of the as-synthesized Ge nanotower collected from zone IV is shown in Fig. 3 , with most diffraction peaks being from fc c Ge with a lattice constant a = 0.562 nm. There are also tw o diffraction peaks being ascribed to hexagonal Au 0.72 Ge 0.28 alloy, indicating the formation of Au-Ge alloys in the Ge nanostructure growth process [23] . TEM image of a typical Ge nanotower (Fig.  4a ) reveals the sawtooth faceted sidewalls (more details can be seen in Fig. S1b ) and the tapering diameter from the bottom to the tip. The corresponding selected area electron diffraction (SAED) pattern (inset in Fig. 4a ) taken on the Ge nanotower demonstrates its single-crystalline characteristic. Lattice-resolved TEM image (Fig. 4b) shows a distance of 0.33 nm between adjacent atomic layer along the growth direction, corresponding to the Ge (111) plane and 
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confirming the preferential 111 growth direction. The distinct lattice fringes of {111} planes (Fig. 4b) clearly indicate that the Ge nanotower is single-crystalline.
In a typical vapor-liquid-solid (VLS) growth process, four successive steps are involved: (1) the transport of reagent source in vapor phase and the adsorption of reactant products on both the catalyst droplet surface and the side surface of the growing nanostructures; (2) the dissolution of the species at the catalyst droplet surface; (3) the diffusion of the species inside the droplet; and (4) precipitation, incorporation, and crystal growth at the liquid-solid interface between the catalyst droplet and the growing solid nanostructure [24] . Thus, there are two types of mass transport processes involved in the crystal growth: one is inside the catalyst droplet and then to the liqu id-solid interface; the other is for the reactant species from the side surface of grown nanostructure towards to the catalyst 
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droplet for dissolution [25] . In our work, the growth temperature of CVD Ge nanostructures (300°C) is below the bulk Au-Ge alloy eutectic temperature (T e = 361°C) (see the Au-Ge binary alloy phase diagrams in Fig S3) [26] . It has been reported that substantial precursor GeH 4 partial pressure is essential for stabilizing the Au catalyst at liquid state below T e in the Au-catalyzed Ge growth process [26] . The Au catalyst droplet might solidify (transfer from liquid to solid) with the decrease of the GeH 4 partial pressure [26] . In addition, both the thermal decomposed Ge incorporation into the Au catalyst and the 1D axial Ge growth rate are prop ortional to the GeH 4 partial pressure [26] [27] [28] . Ther efore, the GeH 4 partial pressure can simultaneously influence the state of Au catalyst and the 1D axial Au-catalyzed Ge growth rate. Additionally, it has been reported that Au would migrate to the sidewall surfaces of a nanowire during the Au-catalyzed nanowire growth under ultra-high vacuum condition [29] . In our work, small amount of Au would also migrate onto the sidewall surfaces of the growing nanowires, though the migration effect can be limited or depressed, owing to the surface adsorption of contaminant from the precursor gas under atmospheric pressure growth condition [26] . The migrated Au on the sidewall of nanowire can induce lateral Ge growth through a vapor-solid-solid (VSS) growth model [30] . Thus, the GeH 4 partial pressure controlled 1D axial Au-catalyzed Ge growth and the migrated Au on the sidewall induced lateral 0D VSS Ge growth can simultaneously occur in our CVD growth of Ge nanowires. Therefore, the competition between the axial and lateral growth processes can be introduced to explain the formation of Ge nanostructures with a variety of different morphologies. Fig. 5 schematically illustrates the growth processes for Ge nanostructures in different deposition regions (zones I, II, III and IV shown in Fig. 1a ). We will discuss the detailed formation process and mechanism for the Ge nanostructures with different morphologies as the followings. For the substrate located at the upstream region (zone I in Fig. 1a) , the concentration of the input GeH 4 is high and the corresponding decomposed Ge vapor pressure is also high, and there is sufficient supply of reagent species. When the decomposed Ge atoms are adsorbed by the Au catalyst droplets to form supersaturated Au-Ge eutectic alloy, the Ge nanowires successively precipitate from the AuGe alloy droplets and grow along the axial direction. At the same time, some Au catalyst atoms can also migrate onto the sidewall surfaces of the growing Ge nanowires and induce the 0D lateral growth under the VSS mechanism [30] . It is worth noting that the 0D growth is persistent without intermission during the whole growth process. In addition, it has been demonstrated that the lateral VSS growth rate is much slower than that of axial VLS growth at the same precursor partial pressure and temperature, attributing to the weaker surface reactivity and lower diffusivity through the solid [26] . Under the high GeH 4 vapor pressure in deposition zone I, the Au catalyzed axial 1D growth rate is rather high but the radial 0D growth rate is relatively low [26] , leading to the formation of cylindrical shaped Ge nanowires with relatively uniform diameter (shown in Fig. 1b) that is determined by the Au catalyst droplet size. 
ARTICLES
For the substrate placed farther from the original GeH 4 inlet flow source (zone II in Fig. 1a) , the concentration of GeH 4 and the decomposed Ge vapor pressure are lower due to the consumption of GeH 4 in zone I. As a result, the rate of the adsorbed Ge into the catalyst droplet is lower and the axial 1D growth rate of Ge is slower. In the meantime, the uninterrupted lateral VSS growth of Ge catalyzed by the migrated Au can become relatively prominent. The prominent lateral growth effect and the longer growth time for the bottom of the Ge nanowires than for the tip lead to tapered Ge nanowires (Fig. 1c) with a gradually decreased diameter from the bottom to the top [30] .
For deposition zone III, the concentration of GeH 4 and decomposed Ge vapor pressure are further reduced owing to the successive consumption of GeH 4 in zones I and II. In this case, the supply of reagent atoms in the droplet is insufficient to maintain continuous 1D growth. In fact, only when the Ge concentration in the Au-Ge alloy reaches a supersaturation state, can Ge precipitate out and form solid nanowires at a growth temperature lower than the eutectic temperature of the Au-Ge binary system (361°C). Once the VLS growth starts, the concentration of Ge in Au catalyst droplets will decrease and the 1D growth will stop when the concentration is lower than the supersaturation threshold. Thus, there is a periodic fluctuation of Ge concentration in the Au catalyst droplet, leading to a periodic 1D axial growth phenomenon. So, under such lower GeH 4 partial pressure, the 1D axial Ge growth rate can further reduce and the effect of lateral VSS Ge growth can be more prominent. Combining the periodical 1D axial growth and sustained 0D lateral growth of Ge nanowires, tapered moniliform-shape Ge nanowires (Fig. 1d) can be formed in zone III.
For de position zone IV that is farthest away from the GeH 4 inlet flow source, the GeH 4 p artial pressure could further decrease, attributing to the continuous consumption of GeH 4 source in the upstream deposition zones. As discussed before, such low GeH 4 partial pressure might not stabilize the liquid state of Au catalyst and can transform the Au into solid state below the eutectic temperature in the growth process [26] . So, the 1D axial VLS growth may change into VSS growth model. The periodic 1D axial Ge growth is similar to that of deposition zone III, but its growth rate could be further decreased. Under such circumstance, the lateral VSS growth induced by the migrated Au becomes more prominent. On one hand, the lateral VSS growth process yields tapered shape of Ge nanowires owing to the relatively slower growth rate [26] . On the other hand, under such steady -state VSS growth process, a geo metrical frustration effect would occur and cause sawtooth faceted sidewalls with exposed {111} planes of the grown Ge nanowires, leading to the lower overall surface energy [31, 32] . For the fcc crystal structure, the surface energies follow a general sequence of γ(111)<γ(100) <γ(110). Therefore, the {111} planes will be the preferable lateral surfaces of the fo rmed Ge nanowires. An evidence can be seen in the angle between the neighboring exposed planes of one typical sawtooth sidewa ll of the obtained Ge nanotower (shown in Fig. 4c) , being consistent to the angle (109.5°) between the neighboring {111} planes in fcc crystal according to the crystal geometrical principle. Therefore, a combination of steady-state 1D axial VSS and 0D lateral VSS growth leads to the formation of tower-shaped Ge nanowires with tapered shape, hexagonal cross-sections and sawtooth sidewalls (schematically shown in Fig. 6 ) in zone IV (Fig. 1e) .
CONCLU SIONS
In sum mary, we have synthesized Ge nanotowers on single crystalline Si (100) substrates by using Au catalyzed CVD under atmospheric pressure below the Au-Ge eutectic tem- The schematic three-dimensional side-view of a nanotower along the 111 growth direction. The nanotower has quasi-hexagon shape cross-section and exposed {111} planes sawtooth faceted sidewalls.
